BENCHMARKS
In the course of our work on the vitamin D receptor (VDR) protein, we became interested in the generation of several large deletion mutant versions of this protein for structure-function relationship studies. One goal was the deletion of a 50 amino acid sequence from the 427 amino acids of the native protein in addition to the introduction of several point mutations throughout the remaining part of the cDNA. At the DNA level, this deletion of 50 amino acids is equivalent to deleting 150 nucleotides from a total of about 1300 bp. These 150 nucleotides had to be removed and the resulting gap in the sequence closed without altering the overall reading frame of the gene. The starting material available to us was a 6200-bp plasmid, designated pcVDR, containing the entire wildtype VDR cDNA.
Several methods for the introduction of such relatively large deletions have been described. Clearly, if properly located unique restriction enzyme recognition sites are present in the starting gene, the desired fragment can be excised and the gap closed by the use of a suitable adapter molecule that would also restore the correct reading frame. Such conveniently located unique restriction sites can be introduced by design if the gene of interest is generated by chemical synthesis. Unfortunately, such a situation occurs rarely in the case of native sequences, including our starting VDR cDNA. Probably the most widely used method for introducing large deletions is inverse PCR (1), where a circular DNA molecule is used as the template, the primers are designed to hybridize in a tail-to-tail fashion at locations immediately adjacent to the sequence to be deleted, and the remaining larger fragment of the molecule is amplified. The PCR product can then be recircularized by enzymatic ligation, resulting in a product that has the desired sequence deleted. The main challenges in this scheme are the relatively large size of the PCR product and, more importantly, the low efficiency of its intramolecular self-ligation. The efficiency of this self-ligation is especially low in the case of a blunt-ended PCR product. To increase the efficiency of this step, unique restriction enzyme cleavage sites can be engineered into the PCR primers. Following the amplification reaction, treatment of the PCR product with the restriction endonuclease(s) generates complementary single-stranded overhangs that can facilitate the ligation reaction. One must take care to ensure that the restriction sites thus introduced are not present elsewhere within the PCR product. Additional difficulties arise when, as in our case, the reading frame of the final recircularized product is to be preserved, and no additional amino acids are to be introduced.
Our first attempts to generate the desired deletion mutant by bluntended recircularization of the 6050-bp PCR product obtained by inverse PCR were unsuccessful. Various ligation conditions were tested at different PCR product concentrations and in the presence of compounds reported to enhance the efficiency of blunt-end ligations, such as polyethylene glycol (PEG) (2) . No recombinant colonies could be obtained after the transformation of competent bacterial cells with the ligation products. Next, we attempted to generate complementary sticky ends at the PCR termini by introducing linker molecules having a BamHI recognition site. These linkers were blunt-end ligated onto the PCR product and digested with BamHI. Since our PCR product also contains a single BamHI site, it was first treated with BamHI methyltransferase to make this internal site resistant to enzymatic hydrolysis. This approach also proved unsuccessful, and no transformants were obtained.
We then turned our attention to the use of partially phosphorothioatemodified PCR primers and T7 gene 6 exonuclease (Amersham Biosciences, Piscataway, NJ, USA) digestion as an alternative method for introducing complementary sticky ends at the ends of the PCR product. Phosphorothioate residues are known to be resistant to various endonucleases and exonucleases (3). This property has been exploited, for example, in a method where one of the PCR primers contains several phosphorothioate residues at its 5′ end that become incorporated into the PCR product. The treatment of this PCR product with T7 gene 6 exonuclease, a 5′ to 3′ double-stranded specific exonuclease, results in the complete hydrolysis of the unprotected DNA strand, leaving the phosphorothioateprotected strand intact (4).
For our needs, we modified this method as illustrated (Figure 1 ). In this figure, the amino acid residues shown are those of the VDR protein, flanking the two ends of the 50 amino acid fragment that we wanted deleted (Δ165-215). Both PCR primers were designed to incorporate four consecutive phosphorothioate residues, located 12 nucleotides from the 5′ ends of the primers. This allows the generation of singlestranded 3′ overhangs of the same length at both ends of the PCR product, following the digestion of the initial blunt-ended product by the 5′ to 3′ exonuclease activity of the T7 gene 6 exonuclease. Importantly, the 6 outermost nucleotides of each PCR primer are complementary to the 6 nucleotides of the opposite strand primer located immediately to the 5′ end of its phosphorothioate residues. Thus, these 6 outermost nucleotides at the 5′ ends of the PCR primers do not initially hybridize to the DNA template. Their presence, however, assures that the 12-nucleotide long single-stranded 3′ tails obtained after the T7 gene 6 exonuclease treatment of the PCR product BENCHMARKS will be fully complementary and allow the self-circularization and ligation of the molecule. It should be noted that the enzymatic hydrolysis with the T7 gene 6 exonuclease proceeds in a way that leaves a phosphate group attached to the 5′ end of the remaining DNA sequence (5), thus allowing subsequent ligation without the need for enzymatic phosphorylation.
Using PCR primers designed as described here and shown in Figure  1 , we succeeded in generating the desired VDR deletion mutants. Experimentally, the selected region was amplified with Pfu DNA polymerase (Stratagene, La Jolla, CA, USA), resulting in a blunt-ended product. It is imperative to use a proofreading thermostable DNA polymerase for PCR amplification to prevent the introduction of random mutations and the addition of extra nucleotides at the 3′ ends of the PCR product. Following PCR amplification, the product was first treated with DpnI endonuclease (Promega, Madison, WI, USA) to hydrolyze the original template DNA molecules and thereby reduce the transformation background (6,7). The product was then treated with T7 gene 6 exonuclease. The enzyme was heat-inactivated and the product allowed to recircularize through its single-stranded ends. A ligase step followed to ensure the covalent closure of the molecule. Finally, aliquots of the mixture were used to transform XL-1 Blue Escherichia coli competent cells (Stratagene). Colonies were then picked and sequenced to verify the presence of the desired deletion. On average, at least 50% of the transformants contained the desired deletion. Interestingly, subsequent experiments proved that the ligation step could be entirely omitted, which resulted in an even higher success rate of the overall procedure. Self-hybridization of the 3′ overhangs generated by the T7 gene 6 exonuclease digestion of the PCR product created a nicked plasmid that was used directly for the transformation of the competent cells, and 80% of the colonies sequenced had the expected deletion. All PCR amplifications were performed in 50 μL reaction volume, using 10-20 ng template DNA, 0.2 mM of each dNTP (Eppendorf, Westbury, NY, USA), a 0.5 μM final concentration of each primer (Sigma-Genosys, The Woodlands, TX, USA), and 2.5 U native Pfu DNA polymerase in 1× native Pfu DNA polymerase buffer containing 2 mM MgSO 4 . The PCR protocol consisted of 35 cycles of 95°C for 30 s, 58°C for 1 min, and 72°C for 12 min performed on an Eppendorf Mastercycler ® gradient instrument. Following the amplification, 2.5 μL DpnI (10 U/μL) were added to each reaction and incubated at 37°C for 1 h. Digestion with T7 gene 6 exonuclease was carried out at a final concentration of 2 BENCHMARKS U/μL, and the reactions were incubated at 37°C for 10 min (or alternatively at 22°C for 1 h). The enzyme was deactivated by heating to 80°C for 10 min, followed by cooling to 4°C. Next, 1 μL of each reaction mixture was used for the transformation of 50 μL aliquots of XL-1 Blue E. coli competent cells, which resulted in 35-60 colonies, 21 of which were sequenced and 17 of them contained the desired deletion, a success rate of 81%. Alternatively, 10 μL aliquots of DpnI/T7 gene 6 exonuclease-treated PCR products were covalently recircularized by self-ligation, using the Quick Ligation™ Kit (New England Biolabs, Beverly, MA, USA), following the manufacturer's recommendations. Then, 1 μL of each ligation reaction was used for the transformation of a 50-μL aliquot of the XL-1 Blue E. coli competent cells, resulting in 10-40 colonies for each transformation. A total of 26 colonies were sequenced, 13 of which contained the deletion and 13 were wild-type.
A similar approach for introducing substitutions into cloned DNA has been described by da Costa and Tanuri (8) . Their method also uses PCR primers internally modified with phosphorothioate residues, and inverse PCR amplification is followed by exonuclease hydrolysis to generate single-stranded overhangs. The gap is then filled in by the insertion of a modified fragment. The method could be used to generate deletions rather than substitutions, but this would still require the design and synthesis of a suitable adapter molecule to bridge the gap between the two single-stranded ends of the PCR product. One would have to take care that the desired reading frame would be restored after the ligation of the adapter. Our method does not require the use of any additional linker or adapter molecules. As seen in Figure  1 , the design of the primers is very simple, and the correct reading frame is easily maintained. Obviously, the single-stranded tails of the PCR product could be made longer than the 12 bases used in our work. This could be achieved simply by placing the phosphorothioate residues closer to the 3′ ends of the primers and extending the 5′ tails of the primers to more than the six bases used by us. Longer singlestranded fragments would increase the stability of the hybrid formed after the exonuclease digestion but could also adversely affect the amplification efficiency because they would increase the 5′ complementarity between the two PCR primers. We have not explored the effect of such long complementary sequences on the efficiency of the deletion procedure.
In conclusion, we have developed a straightforward procedure for the generation of large deletion mutants from any circular plasmid DNA. The procedure does not require the presence of any restriction sites or the use of any linker or adapter molecules and allows the deletion of any preselected fragment with single base precision. Experimentally, this is a simple and elegant method that does not require any purification of the PCR product, and all enzymatic manipulations proceed in the same initial reaction buffer.
